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Based upon the assumptions that a porous medium 
is analogous to a bundle of capillary tubes and that 
there is equivalence of electrical and hydraulic tor-
tuosity in a porous medium,emp.irical expressions are 
presented which relate capillary pressure data and 
electrical properties of the rock to the porosity, per-
meability and relative-water permeability, respectively, 
of completely water-wet rocks. Experimental data are 
presented for comparison in order to varify their 
validity. 
Three principal models are presented, each of which 
is characterized by a particular expression for esti-
mating tortuosity. The method of determining this 
parameter was varied in order to find the form best 
matching experimental results. 
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Capillary pressure is defined as the pressure 
difference that'exists across the curved interface of 
a wetting phase in contact with a non-wetting phase, 
as. a result of surface forces between the two phases. 
Capillary pressure in a porous medium in known to be 
a function of the saturation distribution of the con-
tained fluids, of the saturation history and of the 
wetting characteristics of rock-fluid system. 
In 1941, Leverett1 presented a paper which gave 
the essential concepts of capillary behavior in a porous 
medium. He dealt with the subject both theoretically and 
experimentally and derived a dimensionless function, 
correlating porosity, absolute permeability, capillary 
pressure and surface tension at the fluid interface. 
2 3 Subsequently, Bruce and Welge , Hassler and Brunner , 
Purce114 and others5 ' 6 ' 7 have presented various experi-
mental techniques to determine capillary pressure 
characteristics of small core samples. 
In recent years, attention has also been paid to 
the problem of measuring reservoir parameters from 
capillary pressure data and electrical properties of the 
reservoir rock~,5,6,8,9,10,11,12,13,16 Since relative 
permeabilities of cores are difficult to measure, special 
2 
attention has been paid to correlations between relative 
permeability and some easily measured properties of 
5 9 10 11 porous media as proposed by a number of authors. ' ' ' ' 
12,13,16 
In this work, based upon capillary pressure equations, 
Darcy's and Poiseuille's laws for fluid flow, and electri-
cal properties of the rock, theoretical equations have been 
developed which correlate capillary pressure data and 
electrical properties of the rock to the porosity, absolute 
permeability, and the wetting phase relative permeability 
of a water-wet porous medium. Available experimental data 
are presented to support the validity of the correlations. 
In order to extend the applicability of the developed 
correlations, tortuosity characteristics of three porous 
models, in particular case of a completely water-wet rock, 
have been examined and modified for better agreement with 
available data. 
3 
II. LITERATURE REVIEW 
It is only recently that serious attempts have been 
made to apply and extend the capillary phenomena in 
porous media in cognizance of its importance in oil 
reservoirs and oil production. 
However, due to the complex nature of porous struc-
tures, theoretical developments pertaining to capillary 
pressure in porous media have been semi-empirical. 
One of the early works on capillary behavior in 
porous media is that of Leverett1 ' 14 (1941). He defined 
the term "capillary pressure" and applied it to an ideal 
porous system. He also developed a semi-empirical 
relationship, supported by dimensionless analysis and 
experimental data. This relationship, the J-function, 




= _£ .rK 
v I ~ 
g = gravitational constant 
h = height of the capillary interface 
above free wetting phase surface 
~P = density difference between two fluid 
phases 
v = surface tension between two fluid 
phases 
(1) 
· K = permeability of porous medium to 
a homogeneous fluid 
~ = porosity of the medium 
p 
c 
= capillary pressure of the porous 
medium at any particular saturation 
of the wetting phase 
Equation (1) is known as the Leverett "J-function" 
4 
or "the capillary pressure function". Leverett assumed 
J(sw) to be a dimensionless function only of the wetting 
phase saturation, but it has, also, been found to be a 
function of the type of the rock formation. Calhoun et 
al? states that to extend its applicability to all 
liquids, Equation (1) can be written as: 
p 
J (sw) c . 
= \JCose /1 (2) 
where e is the contact angle of the fluid interface with 
the rock. Leverett also established that the interfacial 
boundary between two immiscible fluids is curved due to 
interfacial tension between fluids and he defined the 
pressure differential across the interface as 11 capillary 
pressure". The capillary pressure is related to the 





p = capillary pressure c 
\) = interfacial tension. 
Rl and R2 = principal radii of curvature of the 
interface 
The expression (~ + _!} is defined as the mean curvature 
Rl R2 
of the interface. Figure 1 shows the approximate shape 
of an oil-water interface when only a small amount of 
water is present between two spherical sand grains. Pc 
in Equation (2} is proportional to J(sw}, to interfacial 
tension, v, and is proportional to the square root of 
. permeability-porosity radio, IlK , which has the basic 
unit of length. Hence, there i~ theoretical justifi-
cation of Equation (1) since it confirms the basic con- 1 
cepts of capillarity as defined by Equation (2) • 
Leverett concluded that a plot of the capillary func-
tion J(sw), against the wetting phase saturation, sw, yields 
an unique curve for clean unconsolidated sands. Rose and 
Bruce5 compared Leverett's average data with measurements, 
obtained on a number of consolidated systems and showed 
that consolidated systems are not all uniquely represented 
by a single J-function curve. These results are shown in 
Figure 2. 
In another earlier attempt Carman15 showed that the 
height of capillary rise is calculable from grain size and 
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Figure 2: Capillary Retention Curves (from Rose 




where s is the surface area per unit of bulk volume of 
the medium. Experimental data support his theoretica1 
argument. The close connection between the work of 
Leverett1 ' 14 and Carman15 is evident by considering the 
Kozeny equation which describes streamline flow through 
porous media. This equation will be derived in the 
next section of this paper and is given here as Equa t.i.on 5. 
where 
K = k ps2 
z p 
K = permeability 
kz = a numerical (rock textural) constant 
(which makes Kozeny equation descrLbe 
streamline motion through granular 
s p 
beds} · 
= surface area per unit volume of pore 
space 
Based on the definition of the termS in Carman•s 





Rose and Bruce5 combined Equation (4), (5) and {6) 
and found that for wetting phase saturation, Sw, equa1 
to unity 
9 
- \) == (7) 
where Pd is the displacement pressure, defined as 
(8) 
Comparing Equation (7) and (1), a possible minimum value 
of J(Sw) is obtained a~ follows: 
lim J(Sw) 
sw+l 




It is also noted that the relationship (l/k2 ) ·s minimum 
is applicable only to media of uniform pore size. 
Rose and Bruce5 also derived the universal capillary 
pressure-porosity relationship as: 
~ = Sw [1 + k z 
1/2. 
f l J (Sw) dSw] - 2 
Sw 
and for the special case of a capillary tube 




It is readily shown that the slope of the above ~ versus 
Sw, as Sw approaches unity, is numerically equal to 
three (3) in both cases of Equations (10) and (11}. 
10 
Rose and Bruce5 and Rose10 were the first to apply 
the (concept of) Kozeny equation and capillary pressure 
data to the case of partially desaturated porous media 
to describe wetting phase relative permeability, Krw· 
Rose and Bruce5 wrote the Kozeny equation in the 
form: 





for a fractional wetting phase saturation, Sw, and the 
corresponding capillary pressure, P . ~hey assumed that 
c 
k is constant at all saturations and arrived at: 
z 






where K is the relative permeability for the wetting 
rw 
phase. 
This expression was found to show serious discre-
pencies when compared with available data for K 
rw 
Thorton11 modified Equation (14} by considering the 
Kozeny constant to be a function of saturation and 
derived K as: 
rw 
K =(-1-) 






where I is the resistivity index, defined as the ratio 
of resistivity of a partially water-saturated rock, Rt 
and resistivity of the rock at 100 per cent water satur-
ation, R . 
0 
The above argument was found to be substantially 
validated by experimental measurements. A further expres-
sion of relative wetting phase permeability has been 








However, this equation is only applicable when Pc = Pd 
throughout the saturation range. This equation was sub-





at any fractional saturation, Sw. 
4 Purcell derived the following expression for absolute 
permeability for a porous medium from Poiseuille's equation: 
where 




(P } 2 
c 
(18} 
K = permeability at 100 percent saturation 
to wetting phase, milli-darcies 
12 
~ :::: percent porosity 
Sw = percent of total pore space occupied 
by the liquid 
p = capillary pressure, atmospheres c 
F = lithology factor 
He showed that the value of the integral is the area 
1 
under the curve p-z versus saturation. 
c 13 
Fatt and Dykstra followed the basic method of 
Purcell for calculating permeability. They developed an 
expression for relative premeability to the wetting 
phase considering that the lithology factor, F, in. 
Equation (18) is a function of saturation and lithology 
factor is essentially a correction for deviation of path 
length from the length of the porous medium. They 
assumed that 
where 
a·· F = 
rb 
a,b = constants for rock materials 
r = radius of a pore 
They further assumed that b=l/2 and derived an 
(19) 
equation for relative permeability of wetting phase as: 
K = 
rw 
Jsw dSw/P 3 
0 c I: dSw/P c 3 
13 
B d ·. 16 ur ~ne also reported equations for computing 
relative permeability curves for both wetting and non-
wetting phases. 
Wyllie and Spangler9 derived the following expression 






JSw=l. 0 2 dSw/Pc 
Sw=O 
(21) 
This equation was derived by summing the individual 
flows for all the infinitesimal portions of the pore 
space. Each of the individual flow rates was calculated 
from Kozeny-Carman equation. 
After reviewing the literature, it was concluded that 
existing techniques are inadequate for accurately calcula-
ting reservoir parameters from capillary pressure data 
and electrical properties of porous media. Also, previous 
work appears inadequate in that the validity of different 
porous models characterized by tortuosity of the porous 
media has not been well established. It was the purpose 
of this study to extend existing methods, develop new 
techniques, and improve the accuracy of permeability, 
porosity and relative permeability calculations based on 
capillary pressure and resistivity measurements by 
developing more meaningful characterization parameters. 
III. DEVELOPHENT OF THEORY 
Consider a porous medium composed of a bundle of 
capillary conduits of cross sectional area, ~A and 
average effective length, La. In developing the 
theory, the following assumptions are made: 
1. The porous medium is conceived 
to be a bundle of capillary tubes 
of complex shapes. 
2. Capillaries are oriented in a 
direction parallel to the macro-
scopic flow. 
3. The shape factor, k , in Poiseuille's 
0 
law, does not depend on the saturation 
of the wetting phase and it varies 
between 2.0 to 3.0 depending upon the 
shape of a pore's cross sectional 
area (circular, elliptical, square, 
etc.)., 
4. The equivalence of electrical and 




5. The contact angle between water 
and the rock surface in the porous 
medium is zero. 
6. The tortuous path, through which 
the fluid flows in the porous 
medium, is a length La, which is 
greater than the external length L. 
7. The porous medium is considered to 
be completely water-wet. 
The following three basic equations are considered 
in the develppment: 
1. Poiseuille's Law 
2 . Darcy ' s Law 
3. Capillary pressure equation 
Poiseuille's Law for laminar flow through a tube of 
circular cross section is given by: 
(22) 
where 
v = average velocity inside the tube 
L = length of the tube 
]J = viscosity 
Ll..p ~ pressure difference 
d = diameter of the tube 
in consistent units. 
16 
Previous investigations of fluid flow in conduits 
with noncircular cross section have revealed that a 
quantity, m, the mean hydraulic radius, should be 
introduced in Equation (22). 
Volume of Conduit 
m = Area of Wetted Surface 
for a circular pipe, 
(23) 
when substituted into Equation (22), this relation 
yields: 
(24) 
Poiseuille's law in this form approximates flow in non-
circular conduits quite well. 
Wyllie and Spangler9 suggested that the factor 2.0 
in Equation (24) should be replaced by a parameter, k , 
0 
called the shape factor. In general, k0 falls within 
the range of 2 to 3 for the majority of complex shapes. 
In applying Poiseuille 's law to flow in a porous medium 
it is necessary to correct the length of the system, L, 
to the length of the actual tortuous flow path through 
which fluid is flowing (La). In straight pipes of con-
duits L = La. However, in porous media La>L. The actual 
average flow velocity, va, within the porous medium must 
be greater than the superficial velocity v(equal to Q/A). 
17 
The increase in velocity is due to both a decrease in 
cross-sectional area available for flow (~A<A) and 
also to the increase in length of the actual tortuous 
flow path, La (La> L) within the porous medium. Thus, 
the actual velocity, va, is related to the superficial 





Correcting Poiseuille's law for actual flow conditions 
gives: 
va Q£_ 11La (26) 
Hence, 
2 
v La ~~ = ~ L k La 0 
or, 2 
v = 
~m ~ ( ....!::) 2 (27) k o f.LL La 
For porous media, the mean hydraulic radius, m, is equal 
to the ratio of porosity to surface area per unit bulk 
volume. This relation is expressed as follows: 
m = f!_ 
s (2 8) 
Since Sp was defined as the surface area per unit pore 
volume, it can be written as: 
s = s = 1 
p ~ m (29) 
18 
Darcy's law for laminar flow through porous media can be 
written as follows: 
K 
v = ~ L 
where 
V= flow velocity 
K = permeabili·ty 
]l = viscosity 
L = length 
llp = pressure drop 









This equation is known as the Kozeny-Carman equation. 
Substituting the value of m into Equation (31) 
yields, 
~ L 2 
K = k S 2 (La) 
0 p 
(32) 
f · (La) 2 t. t · t f th d · ( } De ~ne :L as or uos~ y o e porous me ~um T and 
further define 
.k = k • T 
z 0 {33) 
19 
This result, k , is called the Kozeny constant. Carman15 
z 
was responsible for writing the· Kozeny constant. He 
concluded that the value of k is 5.0 in all cases. How-
z 
ever, further investigation has suggested a possible 
variation in k from 3.0 (or less) to 6.0. 
z 
Regrouping terms in Equation (32) yields the following 
expression containing the Kozeny constant, k : 
z 
k = k 
z 
(34) 
In the following paragraphs theoretical developments 
are presented with three different porous models character-
ized by the tortuosity of the porous media which correlate 
porosity, permeability and relative permeability to the 
wetting phase of a water-wet rock with other measurable 
quantities of porous media. 
A. Porous Model 1: 2 2 2 T = F ~ (1-Swc} 
17 Wyllie and Rose have suggested that the measured 
values of formation resistivity factor allow direct 
evaluation of tortuosity for a porous medium. As defined 
b h . 18 th t f t' . f t . y Arc 1e , e rue orma 1on ac or 1s: 
F = (35) 
where 





= resistivity of the rock when 100 
per cent saturated with an 
electrolyte (usually brine) 
= resistivity of the electrolyte 










area of the 
resistance across the 
conductor 
le~gth of the conductor 
20 
(36) 
Consider a cube of length, L, and cross sectional 
area A. Resistance across this unit cube of electrolyte 
havi~g resistivity, Rw, is: 
(37) 
To illustrate the resistivity concept, reference is 
made to Figure 3 which represents a cube of porous rock 
which is 100 per cent saturated with an electrolyte of 
resistivity, .Rw. Consideri~g solids to be non-conductive, 
the electrical flow must then be through the electrolyte 
filled pores. The cross-sectional area available for 
conduction is ~A. The average path length that an ion 
must traverse is the tortuous path, La. 





Figure 3: Straight Capillary Tube Model of 
Porous Media (pr~lented by Amyx, 
Bass and Whiting to illustrate 
thg,~9del proposed by Wyllie et 
al. ) . 
21 
22 
P . 24 d h . 1 1 b . ~rson suggeste t at ~n a comp ete y r~ne-
saturated rock the electric current will not flow 
effectively through the full volume of brine. This is 
analogous to fluid flow in porous media at 100 per cent 
saturation where all the fluid is not movable. The 
i~ovable brine is the irreducible wetting phase satur-
ation, Swc. If the passage of fluid and electric current 
is considered to be equivalent then the irreducible brine 
saturation,which occupies the cross capillaries through 
which there is no pressure differential or potential 
drop, behaves like nonconductive mineral framework. 
Therefore, the cross sectional area available for 
conduction in the porous cube under consideration is 
~A(l-Swc). The resistance, r 2 , of such a cube can be 
written as: 








= (La} 1 
L 9 (1-Swc) 
IT 






where T is the tortuosity, which is being characterized 
here by the following relationship: 
(42) 
This definition leads to the following equation character-
izing k , the Kozeny constant: 
z 
(43) 
(1) Calculation of Absolute Permeability 
Equation (34) can now be rearranged as: 
(44) 
In a circular capillary tube, the capillary rise of 
a liquid which has a contact angle of zero with the 
material of the tube, is given by: 
or, 
















For a porous medium at 100 per cent saturation with a 
wetting phase, 
PC = pd (49) 
Hence, 
pd = pgh 
Thus, from Equation (46) 
pd 
Sp -= \) (50) 
Therefore, referring back to Equation (44), the following 
relationship can be written: 
K = (51) 
where K is the absolute permeability of the porous 
medium. 
25 
(2) Calculation of Porosity 
Leverett's J-function relationship is again written 
as: 
-- (P c} K 0. 5 J (Sw) v (!1) 
Rose and Bruce5 wrote the equation as 
[J(Sw}] 
Sw+l 
in order to yield the displacement pressure. Thus, 
(52} 
Pd = [J(Sw) 1 " (53} 
Sw+l n 
rewriting Equation (51) and rearranging yields: 
K = 
or, 
!1 = 1 




Applying the Rose and Bruce correlation to a uniform 
porous medium yields: 
J (Sw) 






Substituting this result into Equation (54} yields 
an equation for porosity as follows: 
fd = fK6 F (1-Swc) (55) 
(3) Calculation of Relative Permeability for Wetting 
Phase 
When a partial wetting phase saturation exists in 
the rock, the effective tortuosity, Te' concept is still 




where Fe is the effective formation resistivity factor 
at the saturation, Swi. 
From the Kozeny-Carman Equation (34), the effective 
permeability, Ke' for the wetting phase at any partial 




where }de is the effective porosity at saturation, Swi, 
and can be expressed as 
27 
~e = ~ * Swi, (58) 
and k is the effective Kozeny constant at the same 
ze 
saturation. The Kozeny constant, then, is written 







where P is the capillary pressure at saturation, Swi. 
c 
Hence, the effective permeability for the wetting phase 
at any partial saturation, Swi, can be derived from 
Equation (57) as 
= 
S . 2 w1·v K 
e k Fe2 ~2 (Swi-Swc) 2P 2 
0 c 
The wetting phase relative permeability is thus 
(-----=-*S~w~i~"-2----=-~) 










= I (6 3) 
Rt is the true resistivity at partial saturation, Swi and 
I = Rt/R0 , the resistivity index of the formation. 
Hence, introducing the results of Equation (63) in Equation 
( 62) yields 
K = Swi • rw 
1 (-) . 
I2 
p 
(~)2 1-Swc 2 
P <swi-Swc) 
c 
( 6 4) 
In the above.equation, it should be noted that as 
Swi approaches Swc the capillary pressure term, P , tends 
c 
toward infinity. However, the rate of change of P near 
c 
Sv1c is large, and it is assumed that the limit of the 
function goes to zero, as follows: 
lim 
Swi+Swc 




B. Porous Model 2: T = F~ (1-Swc) 
= 0 (65) 
Cornell and Katz 19 have presented a slightly different 
model which is illustrated in Figure 4. In the simplest 
form of this model the pores can be considered uniform in 
cross section but oriented so that they have an effective 
length, La, which is greater than L. The cross sectional 
area available for flow is considered constant at each 
plane in the model. The effective cross-sectional area 
~~~-------L--------~~ 
~ 
Figure 4: Inclined Capillary-Tube Model of 




A is the area normal to the direction of flow in the pore. a 
This parameter is developed as follows: 
A = A' 
a 1 
A' L = Al (La) 1 
Al = ~A 
A = f)A (L~) a 
By logic similar to that developed for model 1, the 
resistance of a porous cube is given by: 















and the formation resistivity factor, F, can be expressed 
as 
T 
= Yf (1-Swc) (72) 
and 
T = Fr) (1-Swc} (73) 
Therefore, the Kozeny constant is 
{1) Calculation of Absolute Permeability 
Equation (34) now can be written as 
K = 
= 
2 k F0'(1-Swc)Sp 
0 
1 





By an approach similar to that used to develop Model 1, 
a relationship can be derived for absolute permeability 
as 
K = (76) 
(2) Calculation of Porosity 
Similarly an expression can be derived for porosity 
by combining Equations (53) and (76) to yield: 
1 £1 = 




Introducing Rose and Bruce's correlation, Equation (9) 





k F (1-Swc) 
0 
(7 8) 
(3) Calculation of Relative Permeability for Wetting 
Phase 
With an approach similar to that used in developing 
Hodel 1, the effective tortuosity to a partial wetting 
phase can be expressed as 
T = Fe)i1 (Swi-Swc) 
e 
and the corresponding Kozeny constant becomes, 
k = k Fe )i1 (Swi-Swc) 
ze o 
The effective porosity is written as 




Thus, the effective permeability for the wetting phase 
at the saturation, Swi, is expressed as 
S . 2 Wl. \) {82) 
Then, relative permeability to the wetting phase, K , 
rw 
can be written as: 
S . 2 ( Wl V 
k Fe(Swi-Swc)P 2 
0 c 
= (Swi) (Pd)2 (1-Swc ) 
I P Swi-Swc 
c 
( 83) 
To make this equation valid at Swi=Swc we make the same 




[ (_E.) p 
c 
1-Swc 
<swi-Swc>] = 0 
C. Porous Model 3: T = [Fg(l-Swc)] 1 • 33 
(65} 
33 
Winsauer, et a1. 20 devised a method of determining 
tortuosity by transit time of ions flowing through the 
rock under a potential difference. The data obtained 
were correlated with the product F~ and ~ given as 
follows: 
or 
(F~) 2 1.67 (84) 
Introducing the correction to the tortuosity factor to 
account for irreducible wetting phase saturation, Swc, 
34 
yields a relationship for tortuosity in a porous medium 
100 per cent saturated with the wetting phase. A slight 
variation of this relationship was presented by Amyx, 
21 
et al. , and is shown as follows:. 
T = [F(l-Swc}~] 1 · 33 (85) 
(1) Calculation of Absolute Permeability 
Using the ahove function for tortuosity factor a 





(2) Calculation of Porosity 
The porosity of a porous medium can be derived as 
1 ~ = [ 3 1 1 ] 1. 33 
k F1 · 3 (1-Swc) • 33 [J(Sw)f 
o Sw+l (87) 
Introducing Rose and Bruce's correlation, Equation (9), 
into Equation (87} yields an equation for porosity as 
follows: 
kz .75188 
~ = [ ] k Fl.33(l-Swc)l.33 (88) 
0 
35 
(3) Calculation for Relative Permeability for Wettin~ 
Phase 
At a partial saturation of the wetting phase, Swi, 
the effective tortuosity of the porous medium can be 
written as: 
Hence, the equation for effective permeability for wetting 
phase at any partial saturation, Swi, can be stated as: 
Ke = 
S . 2 Wl. \) (9 0) 
k Fel.33 ~.33(Swi-Swc)l.33P 2 
0 c 
Therefore, relative permeability for the wetting phase at 
any desired saturation, Swi, is derived as 
Krw = Swi 
= Swi (91) 
The behavior of the equation at the limit, Swi=Swc, is 
again found to be 
36 
IV. RESULTS AND DISCUSSION 
Data available from literature have been taken 
to check the validity of the theoretical equations 
developed in Chapter III. 
Introducing conversion factors and generalizing, 
Equations (51) , (76) and (86) for predicting absolute 
permeability reduce to 
v2 
= K .021331618 k0F2~(1-Swc) 2Pd2 
K .021331618 
v2 
= 2 k0F~(l-Swc)Pd 
and 
K = .021331618 
respectively, where 
v = surface tension, dynes/cm2 
Pd = displacement pressure, psi 
~ = fractional porosity 
K =permeability, darcy 
I 
, (9 3) 
(9 4) 
Data used for testing Equations (93), (94), and 
(95} were obtained from Wyllie and Rose17 . These data 
and computed data using Equations (93), (94) and (95) 
are presented in Tables I, II and III, respectively. 
Permeability is also presented in these tables as a 
f~nction of the shape factor, k 0 , which was varied 
from 2.0 to 3.0. As the values of irreducible water 
37 
saturation, Swc, were not available in Wyllie and Rose's 
paper, these were assumed to be 20 per cent in all cases. 
Through comparison of the measured and the computed 
permeabilities, it may be noted that results from 
Equations(93} using a value of k = 2.7 yields values 
. . 0 
closer to the measured permeabilities then do Equations 
(9 4} and (9 5} • The good quantitative agreement for 
most of the data presented in Table I suggest that the 
correlation by Equation (93) seems most useful. 
Equations (55), (78) and (88} represent correlations 
for porosity. In these equations, no capillary pressure 
data are necessary for computation. Data used for 
testing Equations (55}, (78}. and (88} were obtained from 
W:(llie and Rose17 . These data and predicted porosity 
are presented in Tables IV, V and VI. As it is known 
that the Kozeny constant, k , and shape factor k , are 
z 0 

















ABSOLUTE PERMEABILITY CALCULATED BY EQUATI0¥7 (93) USING DATA FROM WYLLIE AND ROSE 
pd \) f1 Swc Measured Per~eability Calculated (psi) (~es1 F (assumed Permea- (md) with 
em ) (free frac) bility k -2.25 k -2.7 k = 3 (rod) 0 0 0 • 
1.05 43. .254 11.3 .2 667. 766.0 638.34 574.5 
• 994 43 . .265 11.9 .2 688. 738.7 615.61 554.05 
1.05 43. .262 13.0 .2 657. 561.09 467.57 420.81 
1.73 43. .200 12.5 .2 232. 292.85 244.05 219.64 
2.1 43. .19 8 12.4 .2 205. 204.01 170.00 153.01 
. 87 4 43. .225 11.7 .2 907. 1164.19 9 70.15 873.14 
4.24 54.2 • 236 11.5 • 2 64 • 77.56 64.63 58_.17 
1.23 54.2 .294 8.0 .2 1305. 1528.7 1273.9 1146.5 
5.81 54.2 • 325 6.4 • 2 105 . 120.4 100.36 90.32 
18.0 54.2 .374 4.4 .2 8.2 18.55 15.45 13.91 
4.71 54.2 .232 10.9 .2 60.8 71.17 59.30 53.37 
. . . 
.. 







Descriptior (Psi) (dynes/cm2 ) 
Alundum 1.05 43.0 
II 
.994 43.0 
l'r 1.05 43.0 
Nicho1sBufJ "1. 73 43.0 
II 2.1 43.0 
Berea .874 43.0 
Alundum 4.24 54.2 
II 1. 23 54.2 
Pyrex 5.81 54.2 
II 18.0 54.2 
Alundum 4.71 54.2 
TABLE II 
ABSOLUTE PERMEABILITY CALCULATED BY EQUATION(94) 
USING DATA FROM WYLLIE AND ROSE17 
¢ F s Permeability Calculated 
we Measured (md.) 
(assumed) Permeability 
(frac.) (frac.) (md.) Ko = 2.00 Ko = 2.25 Ko = 2.5 Ko = 3.0 
. 
.254 11.3 .2 667. 1978.725 1758.868 1582.985 1319.153 
.265 11.9 • 2 688. 2096.635 1863.677 1677.312 1397.76 
.262 13.0 • 2 657. 1719.968 1528.863 1375.979 1146.65 
.200 12.5 • 2 232 . 658.931 585.718 527.146 439.28 
.198 12.4 • 2 205. 450.798 400.709 360.639 300.53 
.225 11.7 • 2 907 • 2758.25 2451.782 2206.806 1838.84 
.236 11.5 • 2 64. 189.441 168.392 151.55 126.29 
.294 8.0 • 2 1305 . 3235.966 2876.42 2588.78 2157.32 
.325 6.4 • 2 105. 225.41}9 200.399 180.359 150.29 
.374 4.4 . 2 8.2 27.473 24.420 21.978 18.31 










Nichols Buff 1. 73 








ABSOLUTE PERMEABILITY CALCULATED BY EQUATION(95) 
USING DATA FROM WYLLIE AND ROSE17 
\) <I> s we K Absolute Permeability Calculated 
(assumed) (measured) 
dynes/em (Pet) F (frac.) (md.) 
43.0 25.4 11.3 • 2 667. 
43.0 26.5 11.9 .2 . 68fL 
43.0 26.2 13.0 • 2 657. 
43.0 20.0 12.5 • 2 232. 
43.0 19.8 12.4 • 2 205. 
43.0 22.5 11.7 . 2 907. 
54.2 23.6 11.5 • 2 64. 
54.2 29.4 8.0 • 2 1305. 
54.2 32.5 6.4 • 2 105. 
54.2 37.4 4.4 .2 8.2 
54.2 23.2 :; 10:9 • 2 ·60.8 








































POROSITY CALCULATED BY EQUATION (SSl USING DATA FROM WYLLIE AND ROSE17 
swc Measured Calculated Calculated Calculated Core (assumed} Porosity Porosity 
. Porosit~ Porosity Description F {frac.) (pet.) 
.: K2;;£~·~·~·kn=2 · ~pet. . Jpct.k Kz= .2 0 =5. . . K = .o =2.2 I 
·z ·o .1 
I 
I Alundum 11.3 .2 25.39 16.59 16.67 18.27 I 
I 
tl 11.9 .2 26.5 15.75 15.83 17.35 
II 13.0 .2 26.2 14.42 14.49 15.88 
Nichols Buff 12.4 .2 19.8 15.12 15.19 16.65 
Alundum 11.5 .2 23.6 16.30 16.38 17.95 
Pyrex 6.4 .2 32.5 29.29 29.44 32.25 
Alundum 10.9 .2 23.2 17.20 17.29 18.94 
j 
- ·-·--
*Equation (55) is 
. f1 = [ {Kz ] 
/K0 F (l':""SWC} 
where 
K 
z = Kozeny constant 
Shape factor K ;; 0 
F = True formation resistivity factor 
Swc = Irreducible Connate water saturation 
""' 1-' 
TABLE V 
POROSITY CALCULATED BY EQUATION (78)* USING DATA FROM WYLLIE AND ROSE17 
Core {a~8med MeaSI..lmd Calculated ca1cu~atea Calculated Porosity Porosity Porosity Porosity (pet) Description F (frac) (pet) (pet} (pet) K =4.5 K =2.1 Kz=6.0 K0 =2.5 Kz•4.o K0 •2 .. 1 z 0 
Alundum 11.3 .2 25.39 21.07 23.70 26.55 
n 11.9 .2 26.5 20.00 22.50 25 .. 21 
fl 13.0 .2 26.2 18.31 20.60 23.01 
Nichols Buff 12.4 .2 19.8 19.20 21.60 24.19 
Alundum 11.5 .2 23.6 20.703 23.29 26.08 
Pyrex 6.4 .. 2 32.5 37.20 41.85 46.87 
Alundum 10.9 .2 23.2 21.84 24.57 27.52 
~~--- l. ____ ----·--·--- --- --· ---------------~----- --- ----- --------···-· ' ~ -
*Equation (78) is Kz 
where 
f1 = (v F(l-Swc)] 
0 
F = True formation resistivity factor Kz = Kozeny constant 




POROSITY CALCULATED BY EQUATION (88}* USING DATA FROM WYLLIE AND ROSEl? 
Core Swc Measured Calculated Calculated Calculated 
Description F (assumed} Porosity Porosity Porosity Porosity (frac.) (pet.) (pet.) (pet.) {pet.) 
K =4. 5 K =2 .1 K =5.0 K =2 K =6.0 K =2.1 
Alundum 11.3 .2 
II 11.9 .2 
II 13.0 .. 2 
Nichols Buff 12.4 .2 
Alundum 11.5 .2 
Pyrex 6.4 .2 
Alundum 10.9 .2 
-- -~-~------~ 










9 = [ z 1 
K *Fl.33*(1-Swc}l.33 
0 









where K = Kozeny constant 
z 
F = True formation resistivity factor 
----·---








in order to obtain better results. kz was varied within 
the range of 3.0 to 6.0 and k was varied within the 
0 
range of 2.0 to 3.0. As the values of irreducible 
water saturations, Swc, were not available, they were 
assumed to be 20 per cent in all cases. The better results 
obtained from varying k and k are presented in the 
z 0 
respective tables. 
Comparing the measured data and the computed data, 
it can be concluded that prediction by Equation (88) , 
with k = 6. and k = 2.1, gives better quantitative 
z 0 
agreement with measured porosities. However, Equation (78) 
also proved accurate. 
Equations (54) , (77) and (87) for predictions of 
porosity were used to compute porosity of gas cap rocks. 
Original data were obtained from Thomas22 • Irreducible 
water saturation values and J-function values at unity 
water saturations were obtained from the capillary 
pressure curves presented in that work. These data and 
the predicted porosities are presented in Table VII. 
It should be noted that the predicted porosities 
are consi.derably higher than the measured porosities. 
This is indicative that the concept of simple porous 
models used to characterize the tortuosity of porous 
media, fails for very tight rocks. 
TABLE VII 
POROSITY CALCULATED BY EQUATIONS (54}, (77} AND (87} USING DATA FROM 
THOMAS 22 
(Cap Rocks} 
Core [J(SW)] :swc Perme- Measurec Porosity Calculated from 
· Description Sw-+1 . F (frac) : bility Porosit·· -.~. 
to water (pet-} Eqn. (54) Eqn. (77) Eqn. (87) 
: (rod) (pet.} (pet~ (pet~ 
l?aradox 
:Limestone ~0519 77. .2 .• 0742 :1o. 20.85 267.856 92.54 
Dean 
·Sandstone .03869 67. E .22 .001 9.48 32.67 563.004 75.45 
Paradox 
Limestone .01811 317. ·.015 .00026 3.26 11.78 433.82 137.09 
Eau Claire .. 
Sandstone • 04930 59.3 • 015 .178 15.9 23.15 313.06 72.48 
Sprayberry 
Sandstone .05518 60.5 .23 • 00152 11.9 25.93 373.31 85.97 
.. . .. 
,j:::. 
U1 
For the tight media few empirical relations for 
tortuosity factor and porosity of the rock were 
attempted due to apparent weakness of the theory. 





Equation (97) yields reasonable agreement with most 
of the measured data. The basic data and the computed 
porosities are presented in Table VIII. 
Equations (64), (83) and (91) represent coorelations 
for relative permeability to the wetting phase (water). 
Data used to test these three equations were obtained 
from Leverett1 ' 23 and from Fatt and Dykstra13 . The 
values of resistivity index, I, at a particutar satur-
. db . th 9 ' 24 ation, Swi, were taken as c~te y var~ous au ors • 
These are values which they used for similar types of 
relative permeability calculations. These data and · 
the computed relative permeabilities to water are shown 
in Tables IX, X and XI. It may be noted that Equation 
(64) predicts better results for unconsolidated sands 
(Table IX) than do Equations (83} and (91) . In case 
TABLE VIII 
POROSITY CALCULATED BY EMPIRICAL EQUATION (97) USING DATA FROM THOMAs22 
. (Cap Rocks) 
Core ·[J (Sw) ] F · Swc Permeabil· Measured Porosity Calculated 
.Description Sw+l : (fac.) : ity to Porosity From Empirical 
:water (md (percent) Equation (97) 
.. . .. ' .. : 
. .r.o - ..::; • ..::;;:;;;~ 
Paradox Limestone . 0519 . 77. .20 .0742 10. 9.1 
Dean Sandstone .03869 : 67.6 .22 .001 9.48 12.67 
Paradox Limestone .01811 317. .015 .00026 3.26 3.55 
' 
Eau Claire Sand .06930 59.3 .015 .178 15.9 9.74 
Stone 
Sprayberry 
Sandstone .05518 60.5 .25 .00152 11.9 11.32 
A 
-...J 
~ 1 Swc 
Swi I p (frac.) c 
• 2 o;o 
- .2 
. 3 0.08 .745 • 2 
. 4 .16 .80 • 2 
• 5 .27 .845 • 2 
• 6 .40 .88 .2 
• 7 .53 .92 • 2 
• 8 .68 .94 . 2 
• 9 .84 .98 .2 
TABLE IX 
WETTING PHASE RELATIVE PERMEABILITY 
CALCULATED BY EQUATIONS (64), (83) 
AND (91) USING DATA FROM LEVERET!i, 23 
UNCONSOLIDATED SAND 
(ABSOLUTE PERMEABILITY: 3.8 D) 
Krw ' Krw calculated from (frac .) 
Swi - Swc (observed) 




.1 .03 .068 .1065 
• 2 .05 .1048 .1638 
• 3 .11 .185 .2570 
.4 .21 .2974 .3717 
.5 .35 .4260 .5024 
. 6 .54 .581 .6409 













WETTING PHASE RELATIVE PERMEABILITY CALCULATED ~3 EQUATIONS (64), (83) 
AND (91) USING DATA FROM FATT AND DYKSTRA - CONSOLIDATED SAND 
(ABSOLUTE PERMEABILITY: 125 rod} 
pd Swc K K Calculated From (frac.) 1 rw rw Swi (frac) (observed I p 
c frac) Eqn. (64) Eqn. (83) Eqn. (91) 
.5 .27 .229 .4 .02 .0688 .042 .0498 
• 6 .40 .387 .4 .06 .1294 .1078 .1145 
• 7 .53 .5 .4 .38 .1966 .1855 .1890 
• 8 .68 .582 .4 .56 .2819 .2764 .2782 
.9 .84 .666 .4 .76 I . 4351 .4167 .4227 














WETTING PHASE RELATIVE PERMEABILITY CALCULAI1D FROM EQUATIONS (64} ,(a3) 
AND (91) USING DATA FROM FATT AND DYKSTRA - CONSOLIDATED SAND 
(ABSOLUTE PERMEABILITY: 47 md) 
1 pd Swc K Krw (frac) Calculated From 
I (frac rw p (observed) Eqn. ( 6 4) Eqn. ( 8 3) Eqn. (91) c (frac) 
0.0 0.0 .32 0 0.0 0.0 0.0 
.16 .062 • 32 .006 .0028 .00210 .0023 
.27 .1264 • 32 .02 .0083 .008148 .0082 
.40 .1913 .32 .04 .0207 .0219 .02112 
.53 .2716 .32 • 075 .0464 .0489 .0481 
• 6 8 .3666 .32 .18 .0997 .1036 .1023 
.. 




of consolidated sands, all.three equations predict 
approximately similar results. 
The data predicted by Equation (64) were plotted 
in Figures5,6, and 7 and were compared with the 
observed relative permeability curves obtained by 
1 23 13 Leverett ' and Fatt and Dykstra In Figures 6 
and 7 the computed relative permeability curves from 
Equation (64) were also compared with the curves 
obtained by Fatt et a1 13 ~ from Equation (20). 
51 
It is noted that the computed relative permeability 
curves are not in perfect agreement with observed 
values. However, the computational techniques are 
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Swi: WATER SATURATION, FRACTION PORE SPACE 
Figure 5: Comparison of Measured and Calculated 
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WATER SATURATION (FRACTION) 
Figure 6: Comparison of Measured and Calculated 
Relative-Water Permeability Curves and 
Capillary Pressure Curves in Water-Oil 
System. 
Sand: Basal Tuscaloosa {Miss.), Permeability: 
125 md., Porosity: 15 per cent. 1~ata 
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___ calculated 13 
Fatt, et al. 
0 .. 1 .2 .3 .4 .. 5 .. 6 .7 .8 .9 1 
WATER SATURATION (FRACTION} 
Figure 7: Comparison of Measured and Calculated 
Relative-Water Permeability Curves and 
Capillary Pressure Curve in Water-Oil 
System. Sand: Vaqueros, Northern San 
Joaquin Valley (Calif.). Permeability: 
47 md. Porosity: 12 per cent. Datf3 




















The following conclusions are based on the results 
obtained in this study: 
1. An equation (Equation (93)) has been derived 
for predicting the absolute permeability of a porous 
medium. The principal assumption is that the porous 
medium is composed of a bundle of capillary conduits. 
The best equation to define the tortuosity of a porous 
medium was found to be: 
2 2 2 T = F ~ (1-Swc) (42) 
This is the definition of tortuosity used in Equation 
(93) to predict permeability. 
Equation (93) correlates displacement pressure, 
surface tension, connate water saturation, porosity 
and true formation resistivity factor with absolute 
permeability. Experimental data have been presented 
to show that the equation provides a fairly reliable 
method of calculating permeability from the capillary 
pressure curve and electrical properties of a rock, 
and that the method shows improvement over other tech-
niques previously available. 
55 
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2. A suitable equation (Equation (88}) has been 
derived to predict the porosity of a porous medium. 
It is found that this equation predicts better results 
when the Kozeny constant, k = 6.0 and the shape factor, 
z 
k0 = 2.1. A comparison of the observed porosities and 
those calculated by Equation (88) indicate that equation 
is reliable. 
3. One empirical correlation (Equation (97) for 
characterizing the tortuosity of very tight rocks, such 
as cap rocks, has been found. Calculated porosities 
using this definition of tortuosity factor was found to 
be in good agreement with observed porosities. 
4. An equation {Equation (64)) was derived for 
predicting relative permeabilities to water in porous 
medium. This formula was derived on the assumption 
that there are no conductive materials except the capil-
lary network of water filaments distributed in a porous 
medium and that the rock is completely water-wet. 
Variations between the calculated and observed values 
of relative permeabilities are believed to be due to 
limitations of these assumptions. 
The results predicted by this correlation were found 
to be sensitive to the irreducible water saturation, Swc. 
It was found that the predicted results were more reliable 
for lower values of Swc. 
The equation can only be used to predict the 
relative permeability to water (wetting phase} and it 
is probable that drainage capillary pressure curves 
yield better results than imbibition curves. 
In spite of weakness in the technique as described 
above, comparison of calculated and observed relative 
permeabilities indicate that the technique is a 




























Volumetric flow rate 
Cumulative flow 
Capillary radius 
Resistance across a 
porous medium saturated 
with an electrolyte 
Resistivity 
Resistivity of a porous 
medium saturated with an 
electrolyte of resistivity, 
Rw 
Principal radii of curvature of 
Dimension 
(F /L 2 ) 
(F /L2 } 




a capillary interface (L) 
Particular wetting phase 
(water) saturation 
Irreducible connate water 
saturation 
Superficial velocity 
Average fluid velocity for 
laminar flow inside a tube 
Cross sectional area of a 
porous media 
Hean hydraulic radius 
Ratio of surface area per 
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e Contact angle between wetting fluid 





Surface tension between 
two immiscible fluids 













1. Leverett J-function 
where 





v = dynes/em 
2 K = em 
50 = fraction 
p 
J (Sw) = _£ ,JK" 
v IW 
To express this equation in practical units, that is: 
p = psi 
c 
v = dynes/em 
K = md 
50 = per cent 
first we have to change the unit of permeability 
from cm2 to md. 
Unit of permeability is cm2 , when units of the 




Q = cc/sec 
A 2 = em 
11 = poise 
L = em 
AP = dynes/em 2 
Hence, converting to original C. G. s. units, we get 
or, 
or, 
[K(md)*l0- 3 ] = ~ (cm/sec)*J.l(p*l0-2 )*.!1~( em 2 ) 
dynes/em * l 6 
2 K(cm ) = 
l.Ol3xlo 11 
l. 0 l3xl0 
Hence, J(Sw) in practical units can be expressed as 
J(Sw) 
Pc(Psi)*l.Ol3xl06 







l. 013*10 11 
~(P.C) *10-2 
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2. Absolute Permeability Equations 
Let us take the case of Equation (51) for absolute 
permeability calculations: 
\) 2 
K = ------~--~----~-------= 2 2 2 k0 X F X ~ X Pd (1-Swc} 
where 
\) = dynes/em 
fl = fraction 
pd = dynes/em 2 
Swc = fraction 
ko = Shape factor 
K = cm2 
Converting this equation in practical units, that is: 
K = d.''.rcy 
v = dynes/em 
f1 = fraction 
Pd = psi 
Swc = fraction 
we will get 
K(d) 
1.013xl08 
or, K = .021331688 
2 \) 
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